Petrochronology-the interpretation of isotopic dates with complementary elemental datarequires understanding the relationship between trace elements in chronometers and the petrological evolution of their host rocks. Titanite is a useful petrochronometer for crustal processes, but how titanite records host rock evolution is uncertain. We present an extensive titanite U-Pb and chemical dataset from felsic gneisses and leucosomes in the Western Gneiss Region (WGR) of Norway. Mineral textures, U-Pb dates, and major, minor, and trace element chemistry reveal three titanite populations: (1) Precambrian igneous titanite [high light rare earth elements (LREE), Th, Pb, Zr; low Al, F]; (2) Caledonian recrystallized titanite (low LREE, Th, Pb) that formed from dissolution-reprecipitation of the Precambrian titanite and co-crystallized with allanite; (3) Caledonian neocrystallized titanite (high Al, F and variable REE). Although titanite records multiple igneous and metamorphic events in the WGR, we use a principal components analysis to identify distinct petrological and thermal effects on trace element uptake that hold across all titanite populations. Coupled with textural observations, these data show that different trace element patterns between populations predominantly represent the activity of different rock reactions during continental subduction and exhumation; using correlations between principal component scores and trace element abundances or ratios, we discriminate which phases co-crystallized with titanite. Our results further demonstrate that thermal and fluid partitioning effects can complicate interpretations of rock petrology from titanite trace elements, but these factors can be assessed by measuring specific trace elements (e.g. Al, Zr).
INTRODUCTION
Titanite (CaTiSiO 5 ) is a powerful tracer in the Earth's continental crust. It crystallizes over a wide range of crustal pressures and temperatures in many rock types (e.g. Frost et al., 2001) . It also recrystallizes statically and dynamically (Mü ller & Franz, 2004; Spencer et al., 2013; Kirkland et al., 2016) and experiences significant Pb diffusion at lower-crustal temperatures (Cherniak, 1993) , such that titanite U-Pb ages may date growth, cooling, fluid alteration, and/or deformation (e.g. Kohn & Corrie, 2011; Spencer et al., 2013; Bonamici et al., 2015; Kirkland et al., 2016) . It can further form from retrogression of, for example, rutile or ilmenite, and thus be used to date exhumation (e.g. Lucassen et al., 2010a) . Like monazite and zircon, titanite incorporates a wide range of minor and trace elements (e.g. Prowatke & Klemme, 2005) -including significant concentrations of all rare earth elements (REE) (Green & Pearson, 1986; Prowatke & Klemme, 2005 , 2006a Olin & Wolff, 2012) that can record co-crystallization with other phases, providing a way to tie time to mineral petrogenesis and the tectonic evolution of the host rock.
However, titanite trace element partitioning in metamorphic rocks is incompletely understood. Most studies on the geochemical behavior of experimental and natural titanite (Gromet & Silver, 1983; Green & Pearson, 1986; Tiepolo et al., 2002; Prowatke & Klemme, 2005 , 2006a Olin & Wolff, 2012) have been limited to titanite in equilibrium with melt, although there is some work on titanite Al þ HFSE (high field strength element) uptake in melt-absent rocks (Troitzsch & Ellis, 2002; Hayden et al., 2008; Tropper & Manning, 2008; Lucassen et al., 2010b Lucassen et al., , 2012 . It is unknown how titanite recrystallization affects U, Pb, Zr, and other isotopic and trace element systematicsespecially in comparison with newly grown titanite formed at the same time. Unlike monazite and zircon, the incorporation of Al into titanite is correlated with REE uptake (Prowatke & Klemme, 2005) , but it is unclear if this coupling occurs in rocks without melt. Finally, elemental diffusion rates for Pb, Nd, Sr, Zr, and O in titanite have been experimentally determined (Cherniak, 1993 (Cherniak, , 1995 (Cherniak, , 2006 Zhang et al., 2006) , but there is evidence that these rates may be overestimated (e.g. Kohn & Corrie, 2011; Spencer et al., 2013; Stearns et al., 2016) , and that U-Pb dates may be perturbed by elemental and isotopic redistribution processes other than volume diffusion of Pb (e.g. Spencer et al., 2013; Kirkland et al., 2016) . Resolving these uncertainties is critical for relating titanite ages and chemistry to petrological and tectonic processes.
This contribution addresses the following questions. (1) How does trace element uptake in metamorphic titanite differ in the presence of a hydrous fluid or melt? (2) How do titanite trace elements record solid-state metamorphic reactions in felsic orthogneisses?
To address these questions and investigate the role of mineral parageneses and solid-state recrystallization in titanite trace element uptake, we present a combined petrological, geochemical, and geochronological investigation of titanite from felsic orthogneisses and in situ melts from the Western Gneiss Region (WGR) of Norway. Titanite textures, U-Pb dates, and trace elements identify three distinct titanite populations. Each population records a different trace element response to continental subduction and exhumation of this Caledonian ($400 Ma) ultrahigh-pressure (UHP) metamorphic terrane. A statistical interrogation of the entire titanite dataset is then used to examine the role of petrological, thermal and partitioning effects on titanite trace element patterns. The focus of this study is primarily on titanite chemistry and chronology; the geodynamic consequences of these data will be discussed elsewhere.
GEOLOGICAL BACKGROUND AND SAMPLE SELECTION
All samples in this study were collected from the Western Gneiss Region (WGR) of Norway. The WGR records the Caledonian collision and subduction of the Baltica plate under Laurentia (Andersen et al., 1991; Cuthbert et al., 2000) . Previous work shows that subducted continental rocks-chiefly felsic, eclogitebearing Western Gneiss Complex (WGC) orthogneiss with tectonically interleaved allochthons (e.g. Corfu et al., 2014) -reached eclogite-facies conditions of 2-3Á5 GPa and 650-800 C (Cuthbert et al., 2000; Terry et al., 2000; Labrousse et al., 2004; Hacker, 2006) from $425 to 405 Ma (Kylander-Clark et al., 2007 , 2009 ; Krogh et al., 2011) . Subsequent to UHP metamorphism, the subducted slab was isothermally exhumed to amphibolite-facies conditions starting at $405 Ma (e.g. Root et al., 2004; Walsh et al., 2007; Spencer et al., 2013; Kylander-Clark & Hacker, 2014) , reaching the upper crust by $385 Ma (Walsh & Hacker, 2004; Root et al., 2005; Walsh et al., 2007 Walsh et al., , 2013 Spencer et al., 2013) .
Our sample suite is exclusively from the WGC and comprises 46 intermediate to felsic orthogneisses and leucosomes collected from across the WGR (Fig. 1) . Most of these rocks crystallized during the Precambrian at $1Á6 Ga (Brueckner, 1972 (Brueckner, , 1979 Skjerlie & Pringle, 1978; Tucker et al., 1987 Tucker et al., , 1990 Røhr et al., 2013) , with subsequent magmatism and metamorphism at 1Á2 Ga ; further 1Á05-0Á90 Ga magmatism and metamorphism was largely restricted to the southern part of the study area (Tucker et al., 1990; Bingen et al., 2008; Røhr et al., 2013) . Local concordant to discordant hornblende-and plagioclase-bearing leucosomes are interpreted as Caledonian partial melts of mafic and felsic protoliths, and range from trapped in situ melts to crystallized residual fractions of melt that had migrated (Tucker et al., 2004; Kylander-Clark et al., 2008; Hacker et al., 2010; Ganzhorn et al., 2014, and references therein) . Generation of these leucosomes began at (U)HP conditions and continued into the amphibolite facies during exhumation (Labrousse et al., 2011; Ganzhorn et al., 2014) . Portions of the WGCespecially extensively melted rocks (e.g. Labrousse et al., 2002) -had their Precambrian history entirely erased during Caledonian subduction and exhumation. However, numerous studies have highlighted the preservation of Precambrian minerals, fabrics and isotopic age dates in the WGC, even in regions that experienced >700 C Caledonian metamorphic temperatures (Tucker et al., 1987 (Tucker et al., , 1990 (Tucker et al., , 2004 Engvik et al., 2000; Krabbendam et al., 2000; Wain et al., 2001; Austrheim et al., 2003; Peterman et al., 2009; Hacker et al., 2010; Røhr et al., 2013; Young & Kylander-Clark, 2015) . These observations include the regional preservation of inherited, Precambrian titanite that survived UHP subduction and exhumation (Spencer et al., 2013) .
METHODS

Electron probe microanalysis (EPMA)
Titanite grains from selected samples were imaged in thin section using back-scattered electrons (BSE) with an FEI Quanta 400f field-emission scanning electron microscope (SEM) at the University of California, Santa Barbara (UCSB); X-ray maps and quantitative chemical analyses of titanite and biotite were collected using a Cameca SX-100 electron microprobe in the same laboratory. Natural and synthetic mineral samples were used as reference materials. Titanite X-ray maps (Ca, Ti, Al, Fe, and La) were acquired on the SX-100 with an accelerating voltage of 15 kV, a beam current of 200 nA, a focused beam, and 1-10 mm step sizes. Locations for quantitative titanite traverses and spots were selected from completed X-ray maps. Quantitative titanite chemical data were collected in three rounds for each analysis: (1) Ca, Fe, Si, Al, and Ti (15 kV, 10 nA, 2 mm beam, 40 s dwell time); (2) P, O, F, and Cl (10 kV, 40 nA, 5 mm beam, 90 s dwell time for P and Cl, and 40 s dwell time for O and F); (3) Zr (15 kV, 100 nA, focused beam, 180 s dwell time; measured simultaneously on five spectrometers in aggregate). Biotite analyses also included K, Mn, Mg, Na, and Cr (15 kV, 10 nA, 2 mm beam, 40 s dwell time) but not Zr. Time-dependent intensities for F and Cl show no evidence for halogen migration in either phase for the analytical conditions used in this study (Supplementary Data Fig. S1 ; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). For titanite, analytical uncertainties are typically 0Á5% for Ca, Si, and O, 1% for Al and Ti, 5% for Fe and F, and between 2 and 25% for Zr depending on concentration; P is close to detection limits and thus has errors >25%. Cl was below detection for all titanite analyses. Biotite uncertainties are 0Á5% for Al and Si, 1% for Fe and Mg, 2% for K, 5% for Ti, and 10% for Mn, F, and Cl; Na, Cr, and P are at or below detection limits. Elemental totals for titanite are <98%, consistent with trace element substitution as observed by laser ablation (see below). Titanite stoichiometry was calculated using the method of Oberti et al. (1991) . All Fe was calculated to be ferric, and hydroxyl contents were calculated by difference. Because O was measured rather than added stoichiometrically, biotite stoichiometry was calculated on the basis of 22 cation charges.
Laser-ablation split-stream inductively coupled plasma mass spectrometry (LASS)
Titanites were analyzed in thin section by LASS at UCSB; U-Pb isotopes and trace element data were Holder et al. (2015) , except for titanite U-Pb data (Tucker et al., 1990 (Tucker et al., , 2004 Kylander-Clark et al., 2008; Spencer et al., 2013; this study) . Titanite U-Pb dates from this study are shown as 2 Â larger symbols on the map. UHP domains are shown in pink (Root et al., 2005) and are bounded by the quartz-coesite transition at 2Á8 GPa (black dashed line); the eastern limit of eclogite-facies rocks in the field area ($1Á8-2Á0 GPa) is also shown (gray dashed line) (Kylander-Clark et al., 2008) , as are 40 Ar/ 39 Ar muscovite age contours ¼ 'chrontours' (Walsh et al., 2013) . Titanite age data are colored by U-Pb date; samples with excessive common Pb or poorly resolved Caledonian dates are not shown, unless they contain Precambrian cores and are then shown with a blue outline only. 'Old domains'-regions with partially reacted Precambrian titanite and/or Caledonian recrystallized titanite-are shaded in light blue, and regions with unreacted Precambrian or inherited titanite are shaded in dark blue. It should be noted that the domains delineated by the titanite data cross-cut the thermobarometric and age structure of the WGR determined from other datasets. These domains are not strict petrological or rheological boundaries, but are shown to clarify which areas of the WGR contain specific titanite and rock textures.
collected simultaneously from the same spot (KylanderClark et al., 2013) . Samples were ablated using a Photon Machines 193 nm ArF ultraviolet laser or 266 nm femtosecond laser with a HelEx ablation cell coupled to a Nu Instruments Plasma HR-EX multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS) system for U-Pb measurements and an Agilent 7700X quadrupole ICP-MS system for trace element analyses. We used either a 25 or 30 mm spot size and a laser fluence of $1 J cm -2 . The laser was fired twice to remove surface contamination and this material was allowed to wash out for 10-15 s. Material was then ablated at 4 Hz for 20-25 s. Pit depths are $8-10 mm. Analyses of unknowns were bracketed by analyses of matrixmatched titanite reference material (RM) BLR (1047Á4 6 1Á4 Ma concordia date; Aleinikoff et al., 2007) , which was used as the primary RM for U-Pb analyses. At least one secondary U-Pb standard-either titanite reference material Y1710C5 [388Á6 6 0Á5 Ma isotope dilution thermal ionization mass spectrometry (ID-TIMS) date; Spencer et al., 2013] or in-house titanite standard 06SJ-41 (388Á9 6 2Á6 Ma ID-TIMS date; A. Kylander-Clark, personal communication)-was included in each run as a monitor of accuracy. During the course of this study, we obtained ages of 396Á6 6 1Á6 Ma for Y1710C5 (n ¼ 245) and 393Á6 6 2Á7 Ma for 06SJ (n ¼ 142); these ages are accurate to within 2Á1% and 1Á2% of the reference values, respectively. All unknowns were additionally bracketed by analyses of NIST SRM 610 (Pearce et al., 1997; Rocholl et al., 1997) , which was used as a primary RM for trace elements. Although the use of NIST SRM 610 as a primary standard can yield trace element abundances that are inaccurate by up to 10% (Liu et al., 2008) , our experiments conducted with a matrix-matched primary trace element standard, such as titanite glass reference materials TNT150 and TNT1500 (Klemme et al., 2008) (Paton et al., 2011) for the Wavemetrics Igor Pro software was used to correct measured isotopic ratios for baselines, time-dependent laser-induced inter-element fractionation, plasma-induced fractionation, and instrument drift. Baseline intensities were determined prior to each analysis. The mean and standard error of the measured ratios of the backgrounds and peaks were calculated after rejection of outliers more than two standard errors beyond the mean. (Spencer et al., 2013) . When combined with uncertainties in the isotopic ratios of the primary RM and the U decay constants, the date of a homogeneous unknown has an external uncertainty of 2% owing to secular variations in the behavior of the laser, the laser-stream transmission, or the ICP-MS (Spencer et al., 2013 Pb. Stated 2r date uncertainties are internal; that is, they include in-run errors and decay constant errors only.
Zirconium-in-titanite thermometry
Zr-in-titanite temperatures were calculated for quartzand titanite-bearing, rutile-absent samples using the Hayden et al. (2008) calibration, assuming a SiO2 ¼ 1Á00 and a TiO2 ¼ 0Á75 6 0Á25 (see Kapp et al., 2009) ; P was assumed to be 1Á0 6 0Á1 GPa based on previous amphibolite-facies thermobarometry in the WGR (Labrousse et al., 2004; Walsh & Hacker, 2004; Root et al., 2005; Spencer et al., 2013) . Zr-in-titanite temperatures from Spencer et al. (2013) were recalculated to match these parameters. Reported temperatures in Table 1 are weighted averages of multiple spots from a single sample. For samples that have a single statistical population, Tukey's biweight mean is reported. Uncertainties on single spots include uncertainties in Zr abundance, pressure and the thermodynamic parameters of the thermometer; the reported uncertainty is the 2r error of the average. The Zr-in-titanite temperatures derived from both EPMA and LASS data for the same samples are similar (see Figure 10 , inset), indicating that using NIST SRM 610 as a trace element RM yields accurate Zr abundances.
RESULTS
Titanite petrography
Quartzofeldspathic, crystalline basement gneisses along the southern and eastern portions of the study area contain >1 mm euhedral to anhedral titanite grains in association with hbl þ pl 6 qtz 6 kfs 6 bt 6 aln 6 ep 6 ap (Tucker et al., 1990 (Tucker et al., , 2004 Spencer et al., 2013) [dark blue dates in Fig. 1 ; mineral abbreviations after Kretz (1983) , except for allanite ¼ aln]; zircon is locally abundant, but rutile, ilmenite, monazite, and xenotime are absent. These titanites are bright in backscattered electron (BSE) images and have homogeneous or patchy zoning (Fig. 2a) , and are hosted in almost exclusively coarse-grained (!1000 mm) rocks that contain twinned K-feldspar and plagioclase. Epidote and allanite are most common in gneisses from the southern WGR. There is little evidence of dynamic recrystallization or plastic deformation in any phases, compatible with the interpretation that these rocks were subducted and exhumed without deforming or undergoing significant chemical reactions between phases . Data from mafic rocks included in these host Number of data used to construct the U-Pb isochron. Inheritance was assessed by examining LASS U-Pb and trace element data, as well as titanite BSE and chemical maps. Re-or neo-crystallized Caledonian titanite is an interpretation based on titanite trace element, BSE, and textural data. Zr-in-titanite T calculated using the Hayden et al. (2008) calibration, P ¼ 1Á0 6 0Á1 GPa, aSiO 2 ¼ 1, and aTiO 2 ¼ 0Á75 6 0Á25. Zr-in-titanite T errors are the 2r uncertainty of the calculated average. Number of data used to calculate the Zr-in-titanite T average.
gneisses indicate that Caledonian P-T conditions were cool ($700 C) and only locally exceeded 2 GPa (e.g. Cuthbert et al., 2000; Kylander-Clark et al., 2008) .
Orthogneisses and leucosomes, with similarly coarse-grained, undeformed textures and hbl þ pl 6 qtz 6 kfs 6 bt 6 aln 6 ep 6 ap mineralogy, occur in two other distinct areas of the WGR that reached UHP and notably higher temperatures (see Spencer et al., 2013) (Fig. 1) ; these are henceforth referred to as 'old domains'. Thermobarometry data from eclogite inclusions in the gneisses in the southern old domain indicate peak conditions of >2 GPa and 650-750 C; similar pressures but higher peak temperatures (750-850 C) were obtained in the northernmost old domain (Cuthbert et al., 2000; Kylander-Clark et al., 2008; Spencer et al., 2013) . Post-UHP amphibolite-facies conditions were at comparable or higher temperatures but significantly lower pressures of $1Á0 GPa (Walsh & Hacker, 2004) . These regions have been investigated in detail and contain pre-Caledonian minerals and fabrics that survived Caledonian metamorphism relatively unscathed; the old domain in the southern WGR includes the Flatraket, Ulvesund, Krå kenes, and Bå rdsholmen complexes (Engvik et al., 2000; Krabbendam et al., 2000; Wain et al., 2001) , and the northern old domain includes the Hustad Igneous Complex . In gneisses within the old domains, feldspars typically show core-mantle deformation microstructures, with fine-grained plagioclase and K-feldspar mantling much larger, millimeterto centimeter-scale, twinned grains (Fig. 2b) . Quartz deformation is variable in intensity but typically shows subgrain-rotation (SGR) to grain-boundary migration (GBM) microstructures, indicating high-temperature dislocation creep (Barth et al., 2010) . Leucosomes exclusively contain coarse, twinned feldspars and undeformed quartz, indicating limited subsolidus deformation. Titanite grains preserve dark brown, twinned, BSE-bright titanite cores that are recrystallized at grain rims, along cracks, around inclusions, and along twin planes by tan to pale brown, BSE-dark titanite (Fig. 2c) . BSE images further show sharp boundaries between cores and rims; multiple rim generations are observed in some grains (Fig. 2c) . Some titanite cores contain linear arrays of fine-grained (<10 mm) zircon and allanite microinclusions (Fig. 2d) . The titanites exhibit fractures and subgrain development, with aln 6 ep as fracture-filling phases (Fig. 2e) . Although titanite can deform plastically at high T (Mü ller & Franz, 2004) , titanite 'subgrains' in these rocks go extinct at the same angle as larger adjacent grains with no undulose extinction, suggesting formation by either epitaxial growth of multiple nuclei or brittle fracture of an originally larger grain. Small (<200 mm) grains of allanite form discontinuous, coronalike structures around some, but not all, partially recrystallized titanites (Fig. 2f) . This corona texture is most commonly observed in orthogneisses and not in leucosomes; allanite is also present in leucosomes but typically as a fine-grained, disseminated matrix phase. Orthogneisses and leucosomes outside the old domains-and locally within the old domains, but never in rocks with Precambrian titanite-contain untwinned and inclusion-poor titanite. These titanites are from a wide region that achieved similar peak metamorphic conditions to the old domains (>2 GPa and 700-850 C), but their host rocks have exclusively amphibolite-facies deformation microstructures. Titanite zoning is highly variable and includes concentric, oscillatory ( Fig. 2g) , sector, and patchy zoning (Fig. 2h) . In gneisses, especially those with microstructures indicating strong deformation, titanite and other phases have exclusively <500 mm grain sizes; in contrast, leucosomes contain very coarse-grained (>1 cm) titanite and feldspar. Amphibolite-facies phases (hbl þ pl þ qtz 6 kfs 6 bt) are ubiquitous, whereas eclogite-facies phases (grt 6 cpx 6 ms 6 rt) are less common; allanite and epidote are rare.
Titanite U-Pb dates
Titanite dates (Table 1) from coarse-grained, minimally deformed rocks in the southern and eastern portions of the study area range from concordant to highly discordant, with 207 Pb-corrected dates as old as 1Á6 Ga (Fig. 3a) ; Caledonian titanite dates are rare in these rocks. Rocks from the old domains yield distinct U-Pb dates for titanite cores and rims: BSE-bright cores yield concordant Precambrian to fully reset Caledonian dates, whereas dates from BSE-dark rims are exclusively young ($410-375 Ma) ( Fig. 3b and c) . In rocks outside the old domains ('fully reacted continental crust' in Fig. 1 ), titanites yield single Caledonian populations with well-defined isochrons and no apparent Precambrian inheritance (Fig. 3d) , and dates similar to Caledonian grains in the old domains ($410-380 Ma).
In summary, there are three distinct titanite populations: (1) Precambrian titanite as whole grains or cores of partially recrystallized grains in rocks with coarse, minimally deformed feldspar; (2) recrystallized Caledonian titanite as a rim or whole-grain replacement after Precambrian titanite, also in minimally deformed rocks and their leucosomes; (3) neoblastic Caledonian titanite in more significantly deformed rocks and their leucosomes. Below, the major and trace element chemistry of each of these populations is presented and discussed.
Grain-and thin-section-scale titanite and biotite major and trace element chemistry (EPMA)
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recrystallized Caledonian rims. Biotites from the same samples were also analyzed to further describe the chemistry of fluids in equilibrium with titanite; these data are given in Table 3 .
Titanite
Precambrian titanite is dominated by end-member Ca[TiO]SiO 4 with up to $10 mol % combined Fe and Al substitution on the Ti site; some Precambrian grains exhibit patchy zoning with respect to major elements, particularly Fe (Fig. 4a) . Zones with allanite and zircon micro-inclusions in Precambrian titanite (Fig. 2d) are chemically distinct from all other portions of the same grains, including recrystallized rims (Fig. 4a , gray arrows). Zr abundances in Precambrian grains record apparent Zr-in-titanite temperatures in excess of 850 C. In contrast, recrystallized titanite grains and rims record cooler Zr-in-titanite temperatures and are always more Al-rich and generally more Fe-poor than their Precambrian precursors ( Fig. 4b and c) . The multiple recrystallized rim generations identified in BSE exhibit distinct major element chemistries but similar Zr (Fig.  4b and c) . Recrystallized titanites show systematic changes in Al, Fe, Zr, and F from core to rim; Fe zoning is anticorrelated with Al along the same transects (Fig.  4c) . Titanite neoblasts have the highest Al (up to 20 atomic % of the Ti site), with similar core-to-rim Al, Fe, Zr, and F zoning (Fig. 4d) . Few grains have evidence of OH zoning; in zoned grains, OH follows Fe.
Titanite accommodates Al or Fe 3þ as a coupled substitution with either F or OH that replaces [TiO] , although Al is typically coupled with F and Fe with OH (e.g. Franz & Spear, 1985; Carswell et al., 1996) . To investigate these associations, we compared F vs Al þ Fe 3þ ( Fig. 5a ) and Tropper & Manning, 2008) (Fig. 5b ). Precambrian titanites contain the least Al þ Fe 3þ but exhibit OH coupling with both species, whereas Caledonian neoblasts exhibit significantly more Al and higher X Al and X F ; Caledonian recrystallized titanites plot between these end-member populations. In pooled data for all analyzed samples, Al is anticorrelated with Zr in Caledonian grains (Fig. 6 ), and to a lesser extent in Precambrian grains (note the two distinct clusters of Precambrian data in Fig. 6 ). The correlation is stronger for neoblasts than recrystallized grains.
Biotite
To assess the salinity and halogen composition of the metamorphic fluid that may have coexisted with titanite, we analyzed biotite in each sample. Whereas titanite exclusively contains F in our samples, biotite incorporates both Cl and F depending on the composition of the accompanying melts or fluids (e.g. Svensen et al., 7Á88  1Á41  8Á21 0Á25  8Á63 0Á11  8Á10 0Á25  8Á28 0Á44  8Á49 0Á21  8Á46 0Á18  Na  0Á02 0Á02  0Á04  0Á03  0Á05 0Á01  0Á03 0Á00  0Á04 0Á02  0Á07 0Á02  0Á04 0Á02  0Á03 0Á01  Fe  14Á47 0Á59  16Á92  0Á96 16Á51 1Á73 14Á20 0Á64 13Á86 0Á16 16Á58 0Á52 15Á89 0Á43 14Á21 0Á33  Mg  6Á20 0Á30  6Á01  0Á73  6Á17 1Á11  6Á88 0Á51  7Á51 0Á61  6Á00 0Á19  6Á28 0Á22  6Á28 0Á15  Mn  1Á02 0Á29  0Á50  0Á08  0Á28 0Á06  0Á29 0Á06  0Á32 0Á04  0Á23 0Á05  0Á28 0Á06  0Á64 0Á05  Al  7Á82 0Á20  8Á16  0Á37  8Á16 0Á32  8Á16 0Á22  8Á11 0Á08  7Á75 0Á21  7Á71 0Á17  8Á10 0Á42  Ti  1Á41 0Á18  1Á04  0Á49  1Á06 0Á51  1Á58 0Á47  1Á37 0Á48  1Á66 0Á15  1Á77 0Á17  1Á57 0Á63  Si  17Á12 0Á25  16Á52  0Á49 16Á87 0Á54 16Á96 0Á32 17Á54 0Á51 16Á51 0Á23 16Á85 0Á17 16Á98 (Walsh & Hacker, 2004; Walsh et al., 2007 Walsh et al., , 2013 suggest that these overprints are localized. Biotite F/ Cl mass ranges from $5 to 200 (Table 3) and is exponentially correlated with Caledonian titanite F concentrations for all samples (Fig. 7a) ; biotite F/OH mol is likewise linearly correlated with titanite F/OH mol (Fig. 7b) . The correlations occur over a narrow range of X Fe in both titanite (Table 2 ) and biotite (Table 3) ; halogen abundances are not correlated with Fe in either phase, suggesting that Fe-F avoidance (Sanz & Stone, 1983; Munoz, 1984; Zhu & Sverjensky, 1992) is not the cause of these results. Recognizing that the titanite rims and neoblasts are both demonstrably Caledonian, the correlations suggest that the biotite halogen signature is also Caledonian. However, it is difficult directly to calculate a fluid composition from these data; even in the absence of Fe-F avoidance effects, the halogen composition of biotite is affected by both fluid composition and temperature (Munoz, 1984; Zhu & Sverjensky, 1992) . Nevertheless, the data from both phases are consistent with titanite growth or recrystallization in the presence of a hydrous, saline brine, with higher fluorine fugacities recorded in rocks with neocrystallized titanite.
Titanite trace element chemistry (LASS)
We measured 1558 LASS titanite spot analyses on 46 orthogneisses and leucosomes from across the WGR. At least three grains from each sample were analyzed. The complete titanite isotopic and geochemical dataset is in Supplementary Data Table S1 . Precambrian titanite grains are enriched in light rare earth elements (LREE), Th, Pb, and Zr (Fig. 8a) (Fig. 9) . The data display three clear trends: (1) Caledonian titanites have a broad range of Th/Pb ratios; (2) some spot analyses are defined by an exponential increase in Th/Pb with decreasing 207 Pb/ 238 U date ('exponential trend'); (3) others plot between the exponential trend and Caledonian Th/Pb values ('mixing trend'). The data are spatially distinct: Precambrian titanites from the northern WGR plot on exponential and mixing trends whereas grains from the southern WGR plot dominantly in the mixing field. Further, the oldest spots from the southern WGR approach the Th/Pb composition defined by the exponential trend for the same date. The significance of these trends is discussed below.
Caledonian recrystallized titanite rims, recrystallization fronts around twins, fractures and inclusions, and replaced whole grains are depleted in LREE, Th, Pb, and Zr, and most have the same levels as or are enriched in heavy REE (HREE), Al, Sr, P, Nb, and U relative to Precambrian grains ( Fig. 8a and b) . The multiple recrystallization zones identified in BSE and EPMA maps (e.g. Fig. 4b ) have distinct trace element abundances, but different recrystallized zones within a single grain yield the same date within uncertainty. Caledonian neoblasts have more variable trace element abundances (Fig. 8a) , but consistently more LREE, Al, Sr, and P than recrystallized titanites. Zr-in-titanite temperatures from all Caledonian grains are $700-800 C; as pointed out by Spencer et al. (2013) , the Zr-in-titanite data systematically match amphibolite-facies temperature determinations from other studies in the WGR (e.g. Walsh & Hacker, 2004) . Mean temperatures calculated for many spots from a single sample are typically single statistical populations. Calculated temperatures for multiple samples from single outcrops are typically within uncertainty of each other, even at outcrops where titanite U-Pb dates differ by up to 20 Myr (Table 1) . These data describe a map pattern in which the isotherms cut across eclogite-facies pressure and temperature contours in the northern part of the field area, as well as 40 Ar/ 39 Ar white mica age contours (see Fig. 1 ). Figure 10 also indicates that the highest Zr-in-titanite temperatures are in the central portion of the orogen.
Multivariate statistical methods
Principal components analysis. A principal components analysis (PCA) was applied to the LASS data using Matlab V R . A residual that sums each analysis to 100 wt % was added prior to log-normalizing the data using a centered log-ratio transformation (Aitchison, 1982 accounts for biases inherent in compositional data (Pawlowsky-Glahn & Egozcue, 2006) . The significance of each principal component (PC) is discussed below in terms of the per cent variance of the dataset that it explains; that is, the ratio of each PC eigenvalue normalized to the sum of all eigenvalues. The first five PCs are statistically significant and separable (North et al., 1982; Overland & Preisendorfer, 1982) (Supplementary Data  Table S2 ), but the first three PCs describe $75% of the variance (Supplementary Data Fig. S2 ) and thus are discussed here. PC loads (new axis weightings) and scores (sample recalculation onto new axes) are graphically displayed as bi-plots (Fig. 11) .
PC1 (47% of the variance) discriminates between Th, Pb, and LREE-enriched titanite and titanite with more of the other trace elements analyzed in this study (Fig.  11a ). Zr and Hf show no apparent load on PC1 score (Fig. 11a) , but their contribution is masked by the log normalization of the dataset, as PC1 score correlates with raw Zr and Hf ppm (Fig. 12a) . PC1-related variability in chondrite-normalized REE pattern is shown in Fig. 13a . PC2 (19% of the variance) principally describes differences in HREE abundances (Fig. 11) , which broadly correspond to changes in chondrite-normalized REE pattern slope. Higher PC2 scores correspond to titanite with higher Y, HREE, Nb, and Ta with less Al, Sr, P, Cr, V, U, Pb, and W (Fig. 11) ; contributions from LREE are smaller but not negligible, especially for La and Ce. PC2-related variance is present in both Precambrian and Caledonian populations (Figs 11 and 13b, c) . PC2 scores are plotted against a number of key elemental ratios in titanite (Sr/Y, Eu/Eu*, Nb/Ta, and Zr/Hf) in Fig. 14 , the results of which are discussed below.
PC3 (10% of the variance) resolves a correlation between the concavity of chondrite-normalized REE patterns and Al, Sr, P, and Pb; Zr, Hf, W, U, and Th are anticorrelated with Al ( Fig. 11b ) for all titanite, and higher Al titanites generally have more concave-down REE patterns ( Fig. 13d and e) . To emphasize this relationship, we plot Dy/Dy* (Davidson et al., 2013 )-a measure of REE pattern concavity-vs Al for each population (Fig. 15) . Further, as for PC1, both Zr and Hf demonstrably correlate with PC3 (Fig. 12b) even though their PC3 loadings are nominally small (Fig. 11b) ; the Zr and Hf correlation is stronger for Caledonian than for Precambrian titanites.
DISCUSSION
Interpretation of the statistical results
The elevated Th, Pb, and LREE loads on PC1 (Fig. 11a) provide an objective description of the compositional differences between Precambrian and recrystallized Caledonian titanite independently of U-Pb dates. These differences dominate the variance of the dataset, and significantly outweigh heterogeneity owing to the effects of co-crystallizing phases (PC2) or thermally mediated Al content (PC3). The PC1-related variability in chondrite-normalized REE pattern (Fig. 13a) shows that Precambrian titanites are the most LREE-enriched population, even more so than melt-related Caledonian neoblasts.
The changes in REE slope encompassed by PC2-mostly defined by HREE, but to a lesser extent by LREE-are interpreted to reflect the role of cogenetic phases. Critically, because WGR felsic gneisses have nearly uniform, LREE-enriched whole-rock REE patterns (e.g. Ganzhorn et al., 2014) , differences in titanite REE patterns do not represent bulk-rock differences. As discussed in the 'Titanite petrography' section, all samples contain hbl þ pl 6 qtz 6 kfs 6 bt 6 aln 6 ep, but PC2 clarifies which particular phases crystallized coevally with titanite or were modally significant enough to have an effect on the titanite trace element budget; literature K d values for each phase are shown in Fig. 16 for reference. Considering these constraints, positively correlated Y, HREE, Nb, and Ta in HREE-depleted titanites are compatible with co-crystallization of hornblende or garnet. Hornblende is more likely than garnet to influence titanite because it has an order-of-magnitude higher D Nb and D Ta (Fig. 16 ) and is more abundant in WGR felsic gneisses than garnet, which is rarely present. Additionally, although D Nb and D Ta are significantly higher for biotite than for hornblende (Fig. 16) , biotite D REE values decrease from LREE to HREE-meaning that biotite co-crystallization with titanite should yield anticorrelated HREE vs Nb and Ta, which is not observed. The correlation between titanite HREE, Nb, and Ta thus suggests that hornblende is the primary Nb and Ta carrier in the WGR felsic gneisses. Titanites with elevated HREE and generally lower LREE-and with more significant depletions in Al, Sr, P, Cr, V, and W-most probably crystallized in the presence showing all Caledonian neocrystallized (n ¼ 617) and recrystallized (n ¼ 549) titanite LASS data and a Precambrian titanite LASS average (n ¼ 327) for reference. Precambrian titanites are always more Th, Pb, and LREE-rich than either Caledonian population; recrystallized Caledonian grains are more LREE-depleted and have more limited trace element variability than neoblasts. It should be noted that Sc was not measured for many titanites and thus is missing from some lines. (b) Caledonian recrystallized titanite LASS data (n ¼ 433) divided by 'pristine' core data for the same sample; for samples in which the recrystallization reaction went to completion, we used a Precambrian core composition from a different sample at the same outcrop (if available). Elements that plot below the 1:1 line (red) were lost during recrystallization, whereas those above the line were gained. The near-constant Si and Ti are compatible with negligible volume differences between core and rim titanite. Inset: averaged LASS Al abundances for Caledonian recrystallized titanite relative to Precambrian grains from the same sample; recrystallized rims are always more Al-rich than cores, but the magnitude of the enrichment does not correlate with core Al abundance. Th/Pb N e x p o n e n t ia l t r e n d m ix in g t r e n d Fig. 9 . Th/Pb vs U-Pb date. LASS data from spots with Precambrian trace elements only; inset (same area as shown in Fig. 1 ) shows sample locations, with those from the southern WGR in blue and those from the northern WGR in red. The significance of the two identified trends ('exponential' and 'mixing') is discussed in the text.
of biotite, allanite, apatite and/or feldspar. This inference is compatible with the ubiquitous occurrence of Caledonian recrystallized titanite with allanite; because allanite has the highest D LREE of all observed phases (Fig. 16 ), allanite growth during titanite recrystallization yields titanite trace element patterns that are the most LREE-depleted of all populations (Fig. 8a) . However, allanite is rare in rocks with neocrystallized titanite, and in these rocks we ascribe LREE depletions in titanite neoblasts to the effects of biotite or apatite crystallization, both of which have D LREE > D HREE . Titanite with intermediate PC2 scores-and flatter REE slopes on average-probably grew coevally with both HREE-and LREE-biased phases. Variations in Precambrian titanite REE slope may be ascribed to a similar cause: titanite in rocks from the southern WGR coexists with magmatic (Precambrian) allanite and has flatter REE slopes than in those from the northern WGR. With respect to trace element ratios (Fig. 14) , titanites with positive LREE to HREE slopes and higher PC2 scores have lower Sr/Y, presumably because of coeval LREE-bearing phases that also have elevated D Sr . Titanites with lower PC2 scores (negative REE slopes) are significantly Y-depleted by hornblende and therefore have elevated Sr/Y. Eu/Eu* behaves similarlygrains affected by LREE þ Sr-rich phases have more negative Eu anomalies-but distinct trends are observed for different titanite populations: many of the Precambrian and recrystallized Caledonian titanites cluster at lower Eu/Eu* than the Caledonian neoblasts for a given PC2 score, emphasizing that neoblasts may have interacted with different LREE-bearing phases than the other titanite populations. In contrast, Nb/Ta and Zr/Hf are highest in the analyses with lowest HREE, Nb, and Ta abundances; that is, those with the most obvious influence of co-crystallizing hornblende. This relationship is unexpected because D Nb ! D Ta and D Zr < D Hf for most hornblendes (Fig. 16) (Klein et al., 1997; Tiepolo et al., 2000) , and thus Nb/Ta and Zr/Hf in titanite should yield opposing trends as the influence of amphibole increases. Garnet cannot explain these data either, because D Nb < D Ta and D Zr > D Hf for garnet over a wide P-T range (Fig. 16) (Green et al., 1989 (Green et al., , 2000 Klein et al., 2000; Pertermann et al., 2004) . Further, garnet is rare in the sample suite, and garnet Nb and Ta partitioning coefficients (D Nb ,D Ta < 0Á1) are lower than those of hornblende (0Á1 < D Nb ,D Ta < 1) for similar experimental conditions (e.g. Klein et al., 1997 Klein et al., , 2000 . Titanite partitioning data also cannot address this discrepancy: titanite D Nb /D Ta and D Zr /D Hf both decrease with increasing titanite Al (Prowatke & Klemme, 2005) , such that titanite with lower PC2 scores and correspondingly higher titanite Al should partition Nb less strongly than Ta, but the opposite behavior is observed. 
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Zr-in-ttn T, Spencer et al. (2013) 25 km Fig. 10 . Zr-in-titanite temperature summary. Zr-in-titanite temperatures were determined in this study by LASS (larger spots) and by Spencer et al. (2013) by EPMA. The data from Spencer et al. were recalculated from aTiO 2 ¼ 1Á00 to aTiO 2 ¼ 0Á75 6 0Á25. The lower left inset shows calculated Zr-in-titanite temperatures determined by LASS and EPMA for the same samples in this study, and indicates that calculated temperatures are comparable for both methods. Furthermore, where samples from this study and Spencer et al. are adjacent to each other, we obtain similar temperatures (within $5-10 C). Hand-drawn contours and colored spots delineate approximate boundaries between higher-and lower-temperature samples. Calculated eclogite-facies temperatures (Kylander-Clark et al., 2008) are shown for reference (brown dashed lines); map extent and all other symbols as in Fig. 1. than unity and biotite D Nb /D Ta is greater than D Zr /D Hf (Fig. 16) . Therefore, the more significant Nb/Ta vs PC2 slopes relative to Zr/Hf vs PC2 are most compatible with the influence of biotite: titanites with positive LREE to HREE slopes and elevated PC2 scores have the lowest Nb/Ta and Zr/Hf ratios owing to the co-crystallization of biotite, whereas titanites showing less biotite influence (negative LREE to HREE slopes) have the highest Nb/Ta and Zr/Hf not because hornblende or garnet were present, but rather because biotite was absent or less modally significant. This result suggests that changes in titanite trace element abundances and ratios are not necessarily coupled, and may be controlled by different phases.
PC3 emphasizes that Al and Zr are anticorrelated for metamorphic titanite, as observed by EPMA (Fig. 6) , and that this relationship is coupled to other trace elements in titanite. Given the elevated but opposite loads on PC3 for Al and Zr, and the relationship between Zr and metamorphic pressure and temperature (Hayden et al., 2008) , PC3 implies that Al-controlled partitioning in metamorphic titanite relates to P-T conditions rather than to bulk-rock composition. This contention is supported by an additional observation: all Caledonian recrystallized titanites are more aluminous than their precursor Precambrian grains (Fig. 8b ) and the amount of Caledonian Al is unrelated to the Precambrian titanite Al content. Because Precambrian titanites grew from granitic melt precursors to the orthogneisses (see below), they probably reflect bulk-rock Al, suggesting that the metamorphic rim titanite Al does not. We further suggest that the reported Zr-in-titanite temperatures are robust (i.e. not significantly affected by titanite Al or REE) because weighted-average Zr-in-titanite temperatures for single samples systematically match other P-T data from across the WGR (e.g. Kylander-Clark et al., 2008; Spencer et al., 2013) . In this case, Zr and Al are both faithful thermobarometers, and the incorporation of Al in the titanite lattice is correlated with changes in the uptake of other elements with significant PC3 loadings.
PC3 loadings are likewise opposite for U and Pb, such that titanites that grew or recrystallized at cooler temperatures may partition less U and more Pb than 
REE/Chondrite
Precambrian titanite those that grew at higher T. An example of this is shown in Fig. 3d Pb ratios and greater U-Pb isochron precision in titanite. Coupling between Al and REE has previously been observed in experimental studies of titanite-melt partitioning behavior (e.g. Prowatke & Klemme, 2005) , in which titanites with higher Al abundances more strongly partition middle REE (MREE) from the melt relative to LREE or HREE. Although such behavior has been previously ascribed to melt structural effects rather than titanite crystal structure or substitution mechanisms (Prowatke & Klemme, 2005) , this partitioning is observed for melt-present and melt-absent rocks in this study, and is discussed further below.
Precambrian titanite: trace element modification by solid-state exsolution and volume diffusion
Precambrian titanite has a unique compositional signal across the entire WGR, with low X Al and X F and enriched LREE, Th, Pb, and Zr. The absolute concentrations of these elements vary, but the chondritenormalized trace element patterns are consistent and distinct from those for Caledonian grains. Because WGR orthogneisses and leucosomes are uniformly LREE-enriched (e.g. Ganzhorn et al., 2014) , titanite-melt partitioning from such a bulk-rock composition (Prowatke & Klemme, 2005) can plausibly explain the observed titanite REE. Furthermore, such titanite trace element patterns are typically observed in grains from hydrous felsic melts (e.g. Gromet & Silver, 1983) , which is compatible with more elevated OH in Precambrian relative to Caledonian titanite (Fig. 5b) . The Precambrian titanite therefore is interpreted to have crystallized from a high-temperature granitic melt during igneous crystallization of the orthogneisses and must therefore have survived the entire Caledonian metamorphic event relatively intact, even as the rocks were subducted to (U)HP conditions outside the titanite stability field (e.g. Krabbendam et al., 2000; Wain et al., 2001; Spencer et al., 2013) (Fig. 17) .
However, the preserved Precambrian titanite experienced some trace element modification. Such disturbances were minimal at the cooler southern and eastern edges of the WGR, where U-Pb dates are entirely Precambrian and trace element abundances are similar across entire grains. In contrast, within the old domains, there are significant deviations from U-Pb concordia in grains that preserve Precambrian trace elements (Fig. 2) , and the extent of U-Pb discordance is correlated with Th/ Pb (Fig. 9) . The two clearly identified trends in Th/Pb vs )], a measure of chondrite-normalized REE pattern concavity, plotted against Al; best-fit exponential lines for each population are shown for reference. The logarithmic y-scale should be noted. Dy/Dy* is >1 for concave-down REE patterns and <1 for concave-up REE patterns (Davidson et al., 2013) , as shown in the inset. The correlation is weakest for recrystallized titanite but positive for the other two populations, indicating that increasing titanite Al content is subtly correlated with more concave-down REE patterns, as described by PC3. -minimal transformation/deformation at (U)HP -Pb diffusion in pC titanite with incomplete resetting -partial to complete recrystallization of pC titanite; trace elements record dissolutionreprecipitation only -allanite rims titanite -quartz GBM, feldspar BLG microstructures attained during exhumation -near-complete transformation, extensive deformation at, after (U)HP -no pC titanite preserved -titanite neoblasts record new growth of hbl, pl during exhumation -some relict high-P phases preserved Fig. 17 . Summary of titanite and rock textures. Illustration of titanite and rock textures described in the text; the figure is schematic, but was drawn from thin sections viewed at the same scale, such that the grain size and mineralogical relationships are accurately represented. Titanite in Precambrian (pC) orthogneiss protoliths (left) was either completely transformed at (U)HP followed by new titanite (þ hbl þ pl þ bt) growth during exhumation (lower right), or records survival through (U)HP conditions followed by fluidmediated interface coupled dissolution-reprecipitation recrystallization during exhumation (upper right; red arrows indicate direction of reaction front).
determined Pb closure temperatures in titanite (Cherniak, 1993) , so it is probable that at least one of these trends represents Pb volume diffusion. A diffusive process should yield decreases in Pb concentration and U-Pb date for constant Th because Pb volume diffusion is faster than Th diffusion in titanite. Therefore, we interpret the 'exponential trend' in Th/Pb vs U-Pb date as evidence of diffusive Pb loss from Precambrian grains. In contrast, laser spots that plot on the 'mixing trend' between Caledonian and Precambrian populations are probably mixtures of Caledonian and pristine or partially reset Precambrian titanite. The mixing trend identified in Fig. 9 is therefore an analytical artifact rather than a geological feature. We do not discriminate between radiogenic or common Pb to make this interpretation and rather use total Pb as a proxy for radiogenic Pb; however, we consider this approach to be robust because Pb rad ) Pb C in Precambrian grains at 400 Ma, such that there is a negligible effect of common Pb on this interpretation.
The spatial dependence of these trends is critical because it relates to differences in peak temperature across the field area: Precambrian titanite grains from the southern WGR (blue symbols in Fig. 9 ; peak T 750 C) show little evidence for diffusive Pb loss during the Caledonian, whereas those from the northern WGR (red symbols in Fig. 9 ; peak T ! 750 C) show evidence for both diffusion and mixing. The least-mixed spots from the southern WGR lie close to the exponential trend at $900 Ma, suggesting resetting by Pb volume diffusion at $950 Ma during Sveconorwegian metamorphism, but not after. These observations could also indicate new igneous titanite growth in the southern WGR at $900-950 Ma, but this would not explain why the least-mixed southern WGR data plot close to the Th/Pb expected for diffusive Pb loss from $1600 Ma titanite. Extended high-T Caledonian metamorphism in the WGR (!700 C for 20-40 Myr) should also have caused complete Pb resetting and homogenization in <1 mm titanites (see Spencer et al., 2013 , using data from Cherniak, 1993 ), yet Precambrian dates are preserved in titanite grains even smaller than this. Our data therefore demonstrate that Caledonian Pb diffusion was slower than predicted by experiments (Cherniak, 1993) , as was also suggested by Kohn & Corrie (2011) , Spencer et al. (2013) , and Stearns et al. (2015 Stearns et al. ( , 2016 . Without more detailed chemical data, we cannot discern why Pb diffusion was sluggish; it could relate to kinetic differences between wet and dry Pb diffusion (as for oxygen isotopes: Zhang et al., 2006) , or Pb chemical potential gradients may have been mitigated by the formation of a recrystallized, Pb-bearing titanite rim.
In contrast to Pb, we find no evidence for volume diffusion of other trace elements in Precambrian titanite, compatible with their slower measured diffusivity (e.g. Cherniak, 1995 Cherniak, , 2006 . However, allanite and zircon micro-inclusions in chemically distinct zones (Figs 2d  and 4a ) suggest that portions of the Precambrian grains exsolved LREE, Zr, and Si without undergoing complete recrystallization. This texture may have resulted from fluid-absent mineral exsolution from the titanite lattice, but may also represent 'partial' dissolutionreprecipitation recrystallization driven by limited fluid interaction along fractures, as has been observed for fluid-induced replacement of ilmenite by rutile (Putnis, 2009) . Because the same LREE and Zr depletion occurred during recrystallization at grain edges (see below), the exsolution probably occurred during the same Caledonian time interval as Pb volume diffusion and fluid-mediated recrystallization (see below).
Our PCA results show that a final source of trace element heterogeneity in Precambrian grains relates to cogenetic phases (PC2) and Al content (PC3). For example, titanites with magmatic epidote or allanite from the southern WGR show differences in REE concavity and less significant Ce N /Lu N relative to those from the northern WGR (e.g. compare low vs high PC2 scores in Fig. 13b ).
Caledonian recrystallized grains record interface coupled dissolution-reprecipitation recrystallization at and after (U)HP Caledonian recrystallization of pre-existing Precambrian grains (Fig. 17) is interpreted as a fluid-mediated process for the following reasons: (1) there are sharp boundaries between Precambrian and Caledonian zones, including truncated Precambrian zoning; (2) Caledonian titanite is present along twin planes and cracks, and around inclusions (i.e. sites of significant strain free energy and thus fast intracrystalline fluid and diffusive pathways); (3) Caledonian rim thickness and chemistry is continuous around entire grains, even where adjacent phases are heterogeneously distributed; (4) Caledonian rim chemistry is distinct and requires an external source for some elements (e.g. Al, HREE, F). Even for titanite that lacks Precambrian cores, fully recrystallized grains can be distinguished from neoblastic grains by the presence of rimming allanite around titanite (Fig. 2f) , lower X Al and X F (Fig. 5) , and/or significant LREE, Th, and Pb depletions not observed in neoblasts ( Fig. 8a and b) . Such a textural and chemical relationship indicates the reaction
Balancing reaction (1) would require chemical analyses of allanite, but the elemental losses for Precambrian to Caledonian titanite (from LREE-rich to LREE-poor) can be qualitatively explained solely by the coeval growth of allanite during recrystallization. The amount of allanite formed by this reaction must have been miniscule relative to the amount of titanite involved, because titanite on either side of the reaction has essentially the same Si, Ti, and Ca concentration. This could explain why allanite is not observed around every recrystallized titanite. However, other elements in Caledonian titanite (HREE, Al, Sr, P, Nb, Ta, U, and W) and allanite (Al, Sr, P) cannot have originated solely from the precursor titanite or the breakdown of other phases in contact with the titanite, which lack the appropriate elemental budgets. This is consistent with titanite metasomatism by an externally derived metamorphic fluid; the F, Cl, OH, Al, and Fe EMPA titanite and biotite data (Figs 5 and 7) suggest that this fluid was broadly a hydrous, saline brine with elevated F abundances. Because recrystallized titanite U-Pb dates ($406-382 Ma) overlap with amphibolite-facies conditions in the WGR, but also include eclogite-facies dates ( Fig. 1; Table 1 ), it is likely that the titanite recrystallization reaction initiated during the latest stages of (U)HP metamorphism but dominantly occurred during exhumation of the WGR. This interpretation is also compatible with experimental data on the stability field of allanite in granitic bulk compositions (e.g. Hermann, 2002) .
Two distinct types of recrystallization proposed for zircon (Geisler et al., 2007) may be analogous to the observed titanite reaction: (1) a diffusion-reaction mechanism, in which radiation-damaged zircon is recrystallized as fluid-solvent cations diffuse toward the reaction front (e.g. Geisler et al., 2003; Rayner et al., 2005) , or (2) coupled dissolution of a trace element rich zircon with simultaneous reprecipitation of a new, trace element poor zircon (e.g. Tomaschek et al., 2003; Soman et al., 2010) . Each of these mechanisms is associated with distinct chemical and textural characteristics (e.g. Geisler et al., 2007, table 1) . Our observations are most compatible with a coupled titanite dissolutionreprecipitation reaction, including (1) pseudomorphic replacement of euhedral grains (Putnis et al., 2005) , (2) partial recrystallization and mineral exsolution along fractures that propagated ahead of the main reaction front (see above), and (3) Caledonian rims with multiple zones of identical age but distinct trace elements, suggesting progressive but short recrystallization events driven by changes in P-T or fluid chemistry. We cannot exclude radiation-induced lattice damage because of the high concentration of U and Th (Hawthorne et al., 1991) but we note that there are no obviously metamict portions of Precambrian titanite. Some reaction-frontto-rim gradients occur in recrystallized grains (Fig. 4c) , but it is uncertain if they are diffusion-related, because they also occur in neoblasts with apparent growth zoning (Fig. 4d) and may thus represent progressive changes in the equilibrium titanite rim composition.
Caledonian recrystallized titanites are inclusion poor and contain no micro-scale pores, yet dissolved and reprecipitated zircon and monazite often contain inclusions of Y, REE, and Th-bearing phases as well as pore spaces resulting from molar volume or interfacial solubility differences between parent and daughter solid solutions (Tomaschek et al., 2003; Putnis et al., 2005; Hetherington & Harlov, 2008) ; these pore spaces are a diagnostic feature of most dissolution-reprecipitation reactions (Putnis, 2009 ). In the WGR gneisses, allanite is present only at grain rims and along cracks but is not an included phase, suggesting that reaction fronts were in chemical contact with titanite grain exteriors throughout recrystallization; such a connection suggests that porosity or microfractures must have been present during dissolution-reprecipitation to maintain continuous fluid transport to and from the reaction front (e.g. Putnis, 2009) . Microfracturing is compatible with the titanite 'subgrain' texture described in the 'Results' section, but any porosity that formed during recrystallization is at the nanometer-scale or was subsequently erased. Further, although end-member [Al,F] titanite has a molar volume that is 7% lower than pure [TiO] titanite (e.g. Troitzsch & Ellis, 2002) , Precambrian cores and Caledonian rims are at most 5 mol % different with respect to end-member proportions, indicating nearly isovolumetric replacement. If not masked by later annealing, the absence of observable pores further suggests that interfacial solubility differences between core and rim titanite were low (Putnis, 2009) . The breakdown of Precambrian titanite to intergrown allanite and titanite is further hard to reconcile with a scenario in which resorption significantly preceded new rim growth; rather, the textural data are most consistent with a coupled process.
Critically, diffusion-reaction yields a Pb isotopic 'memory' from precursor zircons (Geisler et al., 2007) , whereas dissolution-reprecipitation of zircon results in full isotopic age resetting (e.g. Rioux et al., 2015) . Caledonian recrystallized titanite defines single statistical populations (MSWD $ 1), compatible with complete evacuation of pre-existing Pb. The recrystallized grains do contain common Pb, but 207 Pb/ 206 Pb intercept values typically scatter about the Stacey & Kramers (1975) 207 Pb/ 206 Pb ratio for $400 Ma rather than $1600, $1200, or $950 Ma. Complete U-Pb age resetting is further supported by the similar ages for neoblastic and recrystallized titanite (Table 1) . The LASS data show that Pb abundances in Caledonian rims are typically 90-99% lower than those in Precambrian cores (Fig. 9b ), but this is not a robust estimate of Pb loss because of radiogenic Pb ingrowth from 400 Myr of U decay in both cores and rims. In zircon, the extent of Th expulsion during dissolution-reprecipitation can be taken as a minimum bound on Pb loss (Rioux et al., 2015) because Pb is more compatible than Th in the zircon structure, but the same constraint cannot be used here because the relative behavior of Th and Pb in titanite is uncertain (Prowatke & Klemme, 2005; Olin & Wolff, 2012) . We argue that because U-Pb dates and U, Th, and Pb concentrations in Precambrian titanites are different across the old domains-stemming from heterogeneity in crystallization ages and Precambrian melt compositions-the recrystallized rims should yield single-population Caledonian U-Pb dates only if inherited lead was fully excluded from the titanite lattice. If Pb retention was significant for recrystallized Caledonian grains, the variability in precursor titanite chemistry would yield artificially old and heterogeneous dates within and among samples. Because the latter is not observed, we conclude that the U-Pb dates for recrystallized titanite are robust.
We likewise find no evidence for Zr inheritance: Zr abundances and therefore Zr-in-titanite temperatures are similar for both recrystallized and neocrystallized grains in proximity to each other (Table 1, Fig. 10 ) and both are lower than those for Precambrian titanite ( Figs  6 and 8a, b) . The Zr-in-titanite temperatures calculated in this study and by Spencer et al. (2013) are also consistent with thermobarometric estimates for amphibolite-facies temperatures determined for nearby samples. If Zr inheritance was significant, precursor grain heterogeneity should yield different Zr abundances for multiple samples from a single outcrop, or samples from outcrops close to each other, but neither is observed (Fig. 10, Table 1) .
A remaining question is whether elements added by a metamorphic fluid achieved equilibrium in recrystallized titanite. Elements such as Al are enriched in recrystallized rims relative to Precambrian cores (Fig. 8b) but recrystallized grains are lower in Al than neocrystallized grains, even for the same Zr concentration (Fig. 6) . Titanite Al could have been limited by the high Ti/Al of the metamorphic fluid during recrystallization (Lucassen et al., 2010a (Lucassen et al., , 2010b ), but we observe smooth core-to-rim Al variations (Fig. 4c) rather than patchy Al zoning (Lucassen et al., 2010b) . Different mineral reactions may be important, with the dissolutionreprecipitation assemblage allanite þ titanite having lower equilibrium titanite Al than hornblende þ plagioclase þ titanite; because F and Al are strongly coupled, F concentrations for recrystallized grains may have been restricted by Al as a limiting substituent. Alternatively, the lower X Al and X F for recrystallized grains ( Fig. 5a and b) could indicate that dissolutionreprecipitation was accompanied by a F-undersaturated fluid, such that Al was 'F-limited'. Regardless of which element was limiting, both Al and F correlate with changes in Zr (within a given titanite population) and thus vary with P and T.
Importantly, Caledonian recrystallized titanites are present in both melt-absent (orthogneiss) and meltpresent (leucosome) rocks. At some outcrops, leucosomes contain completely recrystallized titanites with only Caledonian dates, and intrude host gneisses that preserve relict Precambrian cores; other outcrops contain relict Precambrian titanite in both leucosomes and orthogneisses (Table 1 ). This might suggest that melts in old domains are Precambrian, such that Caledonian titanite recrystallization was driven solely by an aqueous fluid that affected gneisses and leucosomes equally. However, this interpretation is incompatible with textural relationships: leucosomes often cut across demonstrably Caledonian fabrics (e.g. Hacker et al., 2010) , and some contain Caledonian phases that clearly grew in the presence of a melt (e.g. Ganzhorn et al., 2014) . Leucosomes that contain recrystallized titanite also contain allanite, but exclusively as a distributed matrix phase; the presence of distributed allanite suggests longer LREE transport distances during dissolution-reprecipitation, compatible with the existence of leucosomes as melts during the Caledonian. For outcrops with multiple samples, recrystallized titanite trace elements from orthogneisses and leucosomes are identical within uncertainty-showing that melts and fluids facilitated the same dissolutionreprecipitation reaction, and may both have been LREEundersaturated.
Caledonian neocrystallized grains record exclusively amphibolite-facies growth
Titanite neoblasts have distinct chemical zoning (e.g. Fig. 3 ) and more variable REE and trace element patterns compared with recrystallized grains, and additionally exhibit more elevated Al and F. Although recrystallized grains have exclusively positive LREE to HREE slopes, neoblasts are often HREE-and Nb,Tadepleted owing to hornblende co-crystallization (as described by PC2). Other neocrystallized grains are LREE-depleted, but the absence of allanite in thin section-as well as differences in covarying elements and elemental ratios (e.g. Eu/Eu*) associated with depleted LREE-indicate that these neocrystallized grains did not experience dissolution-reprecipitation, and rather record new grain growth with plagioclase or apatite. Furthermore, rocks with titanite neoblasts are finer-grained, do not contain relict coarse-grained feldspars, and are more highly strained than rocks containing relict Precambrian titanite. We interpret these observations as evidence of (near)-complete mineral breakdown or resorption at (U)HP, followed by new growth during retrograde amphibolite-facies metamorphism (Fig. 17) . Titanite neoblasts with LREE or HREE depletions must record the growth of modally significant amphibolite-facies minerals at the hand-sample scale or larger, because apatite, plagioclase, hornblende, and garnet exhibit far lower absolute REE abundances than allanite (e.g. Gromet & Silver, 1983) . Additionally, the elevated X F recorded by neocrystallized titanite (Figs 5 and 7) suggests that neoblasts were accompanied by either a more F-rich fluid or higher fluid fugacities than recrystallized grains.
The statistical signal contained in PC1 yields one additional result: neocrystallized titanites that grew in Caledonian partial melts have trace element signatures that are typically distinct from those of the igneous Precambrian titanites, including lower Th, Pb, and LREE (Fig. 11a) . The Zr-in-titanite temperatures recorded by these Caledonian leucosome titanites ($700-800 C) are only slightly lower than those for the Precambrian igneous titanites ($850 C); like their host orthogneisses, the leucosomes are typically tonalitic to dioritic (Ganzhorn et al., 2014) . Regardless of the similarities in petrological setting and bulk-rock composition, the trace element differences between these two melt-derived populations may relate to changes in titanite partitioning behavior or changes in melt structure; for example, driven by water or halogen abundances.
Implications for titanite petrochronology
This study demonstrates the competing roles of mineral parageneses, temperature and fluid-mineral or meltmineral partitioning behavior on trace elements in magmatic and metamorphic titanite-and that these influences are statistically separable and quantifiable. The results yield a robust framework for interpreting titanite geochemical data with U-Pb dates. A few particularly salient results are as follows.
The role of titanite Al in titanite REE uptake
The PC3 results show a relationship between the temperature of titanite (re)crystallization, the titanite Al content, and the concavity of chondrite-normalized titanite REE patterns (Fig. 15 ). This observation holds most strongly for the neocrystallized Caledonian titanites; Precambrian titanites show a similar Al-REE relationship, but it does not correlate strongly with Zr-in-titanite temperature (Fig. 13) Comparison between titanite-melt partitioning behavior for elements spanning multiple coordination and valence states has been taken to indicate that Al and REE incorporation in igneous titanite is guided by melt structure (Prowatke & Klemme, 2005) , such that more polymerized, higher-Al melts cause changes to REEmelt coordination and lead to increased titanite Al and more concave-down REE patterns. This interpretation suggests that coupled substitutions or site size changes in the titanite lattice are less significant than melt environment (Prowatke & Klemme, 2005) , even though Al substitution for Ti causes contractions in both the octahedral (Ti) and sevenfold (Ca) sites (Oberti et al., 1991) . Other experimental data suggest that melt structure may be less important for water-saturated melts (Olin & Wolff, 2012) . Clearly, the Caledonian titanites did not partition Al and REE purely as a consequence of melt structure, as most of them did not interact with a melt. The increasingly concave-down chondrite-normalized REE pattern with increasing Al (Fig. 15) is correlated with decreasing temperatures for the Caledonian titanites, which could indicate that Al and REE became less soluble in the accompanying metamorphic fluid at lower temperatures-and potentially suggesting that both metamorphic and igneous titanite Al and REE were determined by melt or fluid environment rather than crystal chemistry. However, this interpretation is difficult to reconcile with the observation that meltpresent and melt-absent titanites at the same outcrop often record the same recrystallized titanite chemistry; that is, nearly identical Al abundances and REE concavity. It is conceivable that melts and fluids could each independently govern titanite Al and/or REE, but it is highly unlikely that melt and fluid stability considerations would consistently yield identical Al and REE responses for a given set of P-T-X conditions. Alternatively, these observations could imply that all titanites at a given outcrop-whether hosted in gneisses or leucosomes-partitioned trace elements from a single supercritical fluid phase during titanite recrystallization. However, although fluorine can expand supercritical fluid stability (Sowerby & Keppler, 2002) , subcritical behavior is observed to significant pressures in natural subduction-zone fluids (e.g. Manning, 2004) ; given that the titanite recrystallization reaction occurred predominantly during post-(U)HP exhumation (i.e. not at peak conditions) it is far more likely that titanites in gneisses and leucosomes interacted with separate fluid and melt phases.
More broadly, it is certainly possible that similar chemical trends may arise in magmatic and metamorphic titanite that result from unique mechanisms, but it is likely that the Al content of the titanite-either thermobarometrically (metamorphic) or compositionally (igneous) controlled-exerts a first-order control on trace element partitioning as a result of its effects on the titanite lattice, at least for the titanites described here. The relationships described by PC3 thus make clear that thermal effects may have a significant effect on the trace element budget of metamorphic titanite.
Titanite dissolution-reprecipitation and U-Pb, Zr resetting Dissolution-reprecipitation recrystallization is an effective mechanism for resetting U-Pb dates and Zr-intitanite temperatures, indicating that offsets in age or (re)crystallization temperature may reflect broader tectonic processes rather than Pb or Zr inheritance. These results may not necessarily hold for a wide range of fluid compositions, as experimental results show morphology and chemistry changes in dissolved and reprecipitated minerals depending on fluid chemistry, pH, and P-T conditions (see Putnis, 2009 , and references therein). Still, the susceptibility of titanite to fluid alteration, the absence of significant mineral inclusions or porosity in recrystallized titanite, the near-complete age and thermobarometric resetting, and the superimposed role of solid-state diffusion and exsolution highlight the utility of titanite as a recorder of crustal mass and fluid flux.
Robustness of the Zr-in-titanite thermometer in the presence of Al 1 REE The experimental work of Hayden et al. (2008) showed that an [Al,F]-rich titanite incorporated greater Zr than similar [Al,F] -poor titanites at the same temperature, whereas REE-bearing titanites had slightly lower Zr. These observations were attributed to changes in Ti-O bond spacing by Al substitution (Higgins & Ribbe, 1976) and potential influences of REE substitution on the octahedral titanite site. However, although not congruent, Caledonian Zr-in-titanite temperatures calculated from felsic gneisses broadly match the thermal structure of the WGR slab inferred from other amphibolite-facies thermobarometers (see compilation by Kylander-Clark et al., 2008) over a wide range of titanite Al and REE concentrations, showing empirically that the effects of these substitutions on the Zr-in-titanite thermometer are limited. The variably robust trade-off that we observe between Zr and Al suggests that these elements are promising as coupled thermobarometers in titanite. However, imprecise results for titanite Al equilibria obtained in other studies (Tropper & Manning, 2008 ) associated with uncertain [Al,F]-titanite end-member properties (e.g. Troitzsch & Ellis, 2002; Tropper et al., 2002) and uncertainties in fluorine fugacity require further experimental and empirical constraints. In the shorter term, Al abundances may be used to evaluate excess grain-scale scatter in calculated Zr-intitanite temperatures; anticorrelated changes in Al and Zr may suggest variations in P-T conditions, whereas decoupled Al and Zr may suggest changing reactions or local-scale heterogeneities in the ZrSiO 4 activity.
The role of cogenetic phases in element contents and elemental ratios in titanite Key elements and ratios in both Precambrian and Caledonian titanite are influenced by coexisting minerals, melts, and fluids, in addition to titanite stoichiometry. Our data show that-owing to HREE or LREE partitioning-cogenetic phases tend to affect the slope of chondrite-normalized REE patterns, whereas thermal and partitioning effects tend to affect REE-pattern concavity. Our data further emphasize that absolute values of titanite elemental ratios cannot be directly interpreted in the context of fluid, melt, or whole-rock composition without additional information, such as the presence or absence of specific phases. For example, high titanite Nb/Ta and Zr/Hf in the presence of hornblende (see 'Principal components analysis' section) is most compatible with the decreasing influence of biotite, showing that bulk elemental abundances and their associated ratios may be controlled by different phases. However, it is clear that titanite HREE depletion is coupled to bulk Nb and Ta concentration and is thus related to hornblende crystallization, not garnet growth, even though hornblende crystallization typically has a stronger effect on MREE than on HREE (e.g. Davidson et al., 2013) and HREE depletion in other chronometers can demonstrably be attributed to garnet rather than hornblende growth (e.g. Rubatto, 2002; Holder et al., 2015) . In contrast, Sr/Y and Eu/Eu* yield variations that match expected changes with the presence or absence of LREE-rich phases; heterogeneities in the slope of their principal component trends indicate the potential for discriminating which LREE-bearing phases were responsible, even if there is no discernible difference in chondrite-normalized LREE patterns between different titanite populations.
CONCLUSIONS
1. Titanites in granitic gneisses from the WGR have three populations with distinct ages and trace element concentrations: Precambrian igneous titanite; Caledonian ($400 Ma) recrystallized metamorphic rims on Precambrian titanite; Caledonian neocrystallized metamorphic grains. Each of these populations occurs in rocks with distinct textural features: rocks with Precambrian titanite 6 Caledonian recrystallized titanite show evidence for minimal deformation and transformation during subduction to and from UHP conditions, whereas rocks with solely Caledonian neocrystallized titanite contain exclusively amphibolite-facies minerals that grew during exhumation from UHP. 2. Precambrian titanites are igneous crystals from a high-T granitic melt. Ages and trace elements were perturbed by two processes during Caledonian metamorphism: U-Pb dates were modified by Pb volume diffusion and Zr þ LREE show evidence for modification by exsolution during partial recrystallization. 3. In rocks with Precambrian titanite that survived (U)HP conditions, exhumation-related titanite dissolution-reprecipitation recrystallization resulted in near-complete loss of Th, Pb, and Zr. Elements added to titanite during recrystallization (e.g. Al, U, HREE) may have been in equilibrium or limited by the chemistry of the accompanying fluid or melt. 4. Neoblastic titanites crystallized in the presence of amphibolite-facies minerals and record no evidence of Precambrian inheritance, suggesting complete transformation during prograde and retrograde metamorphism. 5. Coupled titanite U-Pb and chemical data show that dissolution-reprecipitation fully resets U-Pb ages and Zr concentrations, and emphasize that Zr-in-titanite thermometry is not significantly affected by the Al or REE content of the titanite grain. Other trace element abundances are correlated with Al and Zr and may relate to changes in titanite crystal structure, coupled thermal and partitioning effects, or changes in element solubility in an intergranular fluid or melt. However, certain key elemental ratios are decoupled from bulk elemental abundances, suggesting the superimposed influence of multiple phases.
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